Background: Stratification of patients for treatment of ductal carcinoma in situ (DCIS) is suboptimal, with high systemic overtreatment rates.
Current treatment of patients with ductal carcinoma in situ (DCIS) includes breast surgery, radiotherapy and hormonal therapy (Fisher et al, 1999; Bijker et al, 2006) as they reduce the risk of in situ and invasive recurrence.
Although the presence of comedonecrosis, architectural subtype, nuclear grade, tumour size and involved margins are factors that increase the probability of recurrence, we are currently unable to predict individual patient's risk of recurrence or progression to invasive disease. Thus, there is an urgency for studies with prolonged follow-up focussed on recurrence to identify predictive and prognostic clinical and/or biological markers of tumour recurrence and that are also able to recognise DCIS patients who may benefit from more targeted therapies.
We have therefore investigated the role of molecular markers recognised to modulate tumour progression. Our goal was to find specific profiles predictive of recurrence-free survival using an initial candidate approach on a training set, with confirmation on a validation cohort. COX-2 was identified as a candidate and a proof-of-concept clinical trial then tested exemestane þ celecoxib, administered for 12 weeks before surgery. Paired baseline and endpoint biopsies were immunohistochemically analysed for Ki-67 and COX-2 expression as a marker of drug activity. The primary end point was a decrease in Ki-67 and COX-2 between diagnosis and surgical excision.
PATIENTS AND METHODS
Patient cohorts. Using the REMARK criteria (McShane et al, 2005) , the flow of patients through the study was as follows: 174 patients were retrospectively accrued from the John Radcliffe Hospital, Oxford, UK, and from the Royal Brisbane and Women's Hospital, Brisbane, Australia. Of the cases, 116 from Oxford were available for tissue microarray (TMA) construction, of which 95 were available for COX-2 staining because of core dropout. This training set cohort and the TMA was also stained for phosphomTOR, HGF/HAI-2, HIF-1a, CAIX, PHD1, PHD2, PHD3, pEGFR, HER2, HER3, COX-2, pERa, FOXP3, FOXP1 and Cyclin D1. The 58 cases from the Royal Brisbane and Women's Hospital formed the validation set. The COX-2 staining was performed on whole sections on all 58 cases and a subset of 33 cases was also stained for PHD2 and CAIX. Ethical committee permission for the study was obtained from both Institutions (CO.216 for Oxford, UK, and UQ number 2005000785 for Brisbane, Australia). All patients had pure DCIS treated with surgery (Table 1a) . Median age of patients in the training cohort was 56 years (range 33-75 years) and in the validation cohort was 55 years (range 29-80 years). In the training and validation cohort, 10 (10.5%) and 15 (25.9%) cases had close surgical margins (o1 mm). Patients were followed-up for a median period of 126 and 164 months, respectively, in the training and validation cohort. Sixteen patients out of 95 in the training set and 10 patients out of 58 in the validation set have received radiotherapy. During this time, 40 (42.1%) patients developed a recurrence (69.2% ipsilateral) in the training cohort, of which 14 cases were of invasive carcinoma, with 2 cases of metastatic disease without evidence of recurrent DCIS or invasive carcinoma in the breast. In the validation set, 28 (48.3%) patients developed a recurrence (92.9% ipsilateral), of which 11 cases were of an invasive carcinoma and included one case of metastatic disease without evidence of recurrent DCIS or invasive carcinoma in the primary or subsequent excision. Demographic information is provided in Table 1a .
Tissue microarray and immunohistochemistry. Haematoxylin and eosin-stained slides of cases from the training set were reviewed and TMAs with 2 mm diameter cores, with four-fold redundancy, from areas of DCIS were prepared. Whole sections of DCIS were stained from the validation set. Immunohistochemistry was performed using the EnVision HRP kit (Dako, Cambridgeshire, UK) system.
Staining was assessed in the Oxford-derived test set for nuclear protein expression for HIF1-a (hypoxia inducible factor-1a), forkhead box protein 3 (FOXP3), phospho oestrogen receptor-a (pERa), cyclin D1, nucleus and cytoplasm for prolyl hydroxylase 1 (PHD1), PHD2, PHD3, FOXP1, membrane for carbonic anhydrase-IX (CAIX), phospho-epidermal growth factor receptor (pEGFR), HER2 and HER3, cytoplasm for phospho-mTOR, COX-2, hepatocyte growth factor (HGF) and hepatocyte growth factor activator inhibitor-type 2 (HAI-2). Separate pathologists, blinded to patient outcome and to the origin of the samples, used a semiquantitative method to score the TMAs and whole sections from the validation set. As previously used (Tan et al, 2009) , intensity was semiquantitively assessed. The cutoff for FOXP3, FOXP1, HER2 NS HER3 was as previously reported (Generali et al, 2009) . A histoscore was generated by multiplying intensity (0-3) by percentage (0-4) to give a final score between 0 and 12. For categorisation of the validation cohort, using cutoffs from previous breast cancer studies, tumours that showed strong membranous staining in 410% of cells were considered positive for CAIX (Tan et al, 2009) , tumours with intermediate to strong cytoplasmic intensity in any tumour cell were considered positive for PHD1 expression (Fox et al, 2011) and a histoscore of 0-3/12 defined a group with low COX-2 expression, whereas a score of 4-12/12 defined the group with high COX-2 expression (Figure 1 ). This was either identical to or comparable to cutoffs used for COX-2 by others evaluating expression in breast tumours ( Half et al, 2002; Boland et al, 2004; Kerlikowske et al, 2010) . The cutoffs used in histoscore calculation for COX-2 were 0 (0), 1 (o25%), 2b(25p50), 3 (50p75) and 4 (X75). The control used was colon and a known positive for colorectal adenocarcinoma. For pERa, the Allred score was used as a continuous variable (Leake et al, 2000; Mohsin et al, 2004) .
The approach to missing cases was to exclude cases where the value of the covariate under study was missing in the univariate analysis and to exclude cases when one or more covariates were missing in the multiple covariate analysis.
Immunohistochemical evaluation of routine markers performed on whole DCIS sections obtained at diagnosis and definitive surgery in the clinical trial was performed as described previously (Bottini et al, 2000) . The COX-2 immunohistochemistry and scoring was identical to that used previously in the training TMAs and validation set.
Clinical trial. To assess the effect of a COX-2 inhibitor on tumour response and the relationship to COX-2 expression, we performed a single-centre, randomised, phase II neoadjuvant trial in which postmenopausal patients with diagnosis of pure ER-positive (noncomedo) DCIS were randomly assigned 1 : 1 to one of the two following treatment arms: 25 mg daily exemestane alone (EXE arm) orally or 25 mg daily exemestane and 800 mg daily celecoxib (EXE-COXIB arm) orally given continuously for 12 weeks until definitive surgery after initial core biopsy diagnosis. The diagnosis was performed using Mammotone-based vacuum-assisted 16-G multi-site biopsy procedure (Ethicon Endosurgery, Cincinnati, OH, USA). Titanium clips were centrally located in biopsy site. Between November 2003 and November 2004, 32 eligible patients with informed consent were enrolled from U.O.M. Patologia Mammaria-Breast Unit of Az. Istituti Ospitalieri di Cremona, Italy (protocol no. Ex01/4111/04). The trial was prematurely stopped because of the COX-2 inhibitor-related alerts about their association with cardiovascular adverse events. Tumour size, response and lumpectomy as surgical procedures followed by radiation with 50 Gy in 25 fractions over 5 weeks were assessed as previously described (Bottini et al, 2006 ; see Supplementary Figure S1 ). All patients received exemestane as adjuvant therapy for 5 years.
Statistical analysis. A generalised linear regression method with regularisation and variable selection was applied within a multiple covariate Cox survival analysis with the aim of finding expression profiles correlated with recurrence-free survival. An L-1 and L-2 penalised maximum-likelihood method was used to select the significant parameters in the model; 10-fold cross-validation and leave-one-out iterative approach were used to build and test the model respectively as described by Generali et al (2009) and Buffa et al (2011) . Treatment, age and tumour grade were included in the analysis. Where both percentage cells (PCs) and intensity (INT) were scored they were both included in the analysis; when both of them resulted significant the gain from using a combined score was tested including their product as a further term in the model. The significance of this term was tested using the same method as previously described. The criteria for marker inclusion and exclusion have been described previously (Generali et al, 2009) ; the markers introduced in the model are described in Table 1a where median, mean and 95% confidence interval (CI) are provided. The analysis was done using SPSS version 15 (SPSS, Chicago, IL, USA); the cross-validation and leave-one-out analyses were implemented in R 2.5.1 (http://cran.r-project.org) and the R package elastic-net was used to perform the penalised regression (Zou and Hastie, 2005) . A categorical method of analysis was performed on the validation set.
Regarding the clinical trial, results were expressed as geometric means and CIs, although the analysis was conducted on the logtransformed data. Primary end point was an absolute reduction in DCIS proliferation as measured by Ki-67 labelling index and COX-2 expression. To calculate required sample size for adequate power, we anticipated at least a 10% greater reduction in proliferation index (Ki-67) between the EXE-COXIB and EXE arms in COX2-expressing cases (anticipated incidence of COX-2 expression being 60% (Bundred et al, 2010) of all cases). Preliminary evaluation of Ki-67 in DCIS showed a mean of 12.3% and s.d. of 1.3%. The study therefore required 28 patients in each arm with the assumption that 100% of patients enrolled would be evaluated. Providing for an attrition rate of 10%, we aimed to recruit 32 patients into each cohort. Using the anticipated number of patients outlined above, we would require at least 66% of COX-2-positive patients to show a decrease in the EXE-COXIB arm and o10% of COX-2-positive cases in the EXE arm to show any significant reduction. As celecoxib is a potent COX-2 inhibitor, we anticipated that the reductions seen in each arm were conservatively realistic. All tests were performed two-sided and P-values of o0.05 were considered statistically significant. Analyses were performed with STATISTICA software system (version 6, Tulsa, OK, USA: www.statsoft.com).
RESULTS
Factors associated with DCIS early relapse. In the 10-fold crossvalidation and leave-one-out iterative analysis, COX-2 cytoplasmic expression was the strongest independent prognostic factor for early relapse of DCIS. It was present in the relapse model in all leave-one-out iterations (Figure 2A and B) . As both PC and INT scores were significant for this marker, the combined score (the product histoscore of % cells and intensity) was introduced in the model and resulted as a stronger prognostic factor than the two scores considered separately ( Figure 2C ). In addition, HIF-1a cytoplasm PC, PHD1 nuclear INT and HGF cytoplasmic PC were significant in the model (Figure 2A ) and high scores for these markers were associated with early relapse in 80%, 82% and 97% of the iterations, respectively.
Factors associated with DCIS disease-free survival. The CAIX membrane INT and PHD2 cytoplasmic INT were associated with good prognosis in 81% and 89% of iterations, respectively (Figure 2A and B ) . This unexpected result for CAIX and PHD2 was confirmed in both univariate analysis and multiple covariate Cox regression, demonstrating that it is not an artefact due to correlations of the variables in the Cox model. Furthermore, we have tested it as a possible artefact because of different diagnosis methods as some patients were or were not diagnosed by mammographic screening. However, there was no significant correlation with method of diagnosis and CAIX or PHD2 expression. When the two groups were separated and the survival analysis was repeated in the two groups independently, the same results were observed in the two groups and they were similar to the results observed for the whole cohort, although the significance was lower because of a smaller number in each group. We conclude that the method of detection modality does not affect the results observed for CAIX and PHD2. Interaction of any of these factors (markers or early relapse or long disease-free survival) with the other clinical variables considered in this study was not significant when interaction terms were included in the linear regression (data not shown). Recently, CAIX expression in cell lines and xenografts was shown to be associated with an increase in necrosis, and this in the context of DCIS may relate to slowing growth (McIntyre et al, 2012) .
COX-2 cytoplasmic expression associated with relapse in an independent validation cohort. In the independent 58-case validation set, high COX-2 expression was confirmed as a prognostic factor for early relapse of either DCIS or progression to invasive carcinoma (HR 3.9 (95% CI: 1.8-8.36) P ¼ 0.002; Figure 3 ). The COX-2 expression showed no correlation with patient age, size and grade of DCIS or margins of the primary excision (Table 1b) . The prognostic significance of CAIX and PHD2 expression was not confirmed in the validation set. High expression of CAIX in DCIS correlated with increased size of DCIS (mean 33.1 vs 15.5 mm, P ¼ 0.01), but there was no other association between CAIX, PHD2 expression and clinicopathological factors.
Proof-of-concept clinical trial: treatment activity. A total of 32 patients from a single institution were enrolled in the clinical trial: 14 in the EXE-COXIB arm and 18 in the EXE arm (Supplementary Figure S1) . The median DCIS size before starting treatment was 19 mm (range, 12-26 mm) and 100%, 19% and 16%, of DCIS were respectively ER, PR, HER2 positive at diagnosis (basal characteristics are described in Supplementary Table S1 ). Clinical complete responses (CCRs) were observed in 6 patients in the EXE-COXIB arm and in 5 patients in the EXE arm. A partial response (PR) was observed in 8 patients in both arms and stable disease (SD) was confined to the EXE arm only (n ¼ 5). Of the enrolled patients, 100% completed the study and received definitive surgery after 12 weeks of treatment. A total of 27 patients (13 in the EXE-COXIB arm and 14 in the EXE arm) had Ki-67 in their DCIS assessed before and after chemotherapy. Ki-67 was not assessable at definitive surgery in 5 DCIS (1 in the EXE-COXIB arm and 4 in the EXE arm) because of lack of tumour material. The median Ki-67 mitotic index fell from 12.5% (range, 6-23%) at initial biopsy to 4% (range, 1-8%) at definitive surgery in the EXE-COXIB arm and from 12% (range, 4-24%) to 7.5% (range, 1-18%) in the EXE arm. Changes in Ki-67 for individual patients according to treatment received are shown in Figure 4 . In the EXE-COXIB arm, all patients showed a reduction of Ki-67 after treatment ( Figure 4A ). In the EXE arm, 3 (21.4%) patients showed a numerical increase in Ki-67 ( Figure 4B ). Geometric mean changes in Ki-67 are shown for the two treatment arms in Table 2 . The two arms were comparable in terms of basal proliferation (P ¼ 0.43), whereas EXE-COXIB arm had a significantly lower post-treatment Ki-67 than the EXE arm (Po0.02). The reduction in Ki-67 in both EXE-COXIB and EXE arms was significant for both treatments (Po0.002 and Po0.02, respectively), but there was highly significant difference in the change of Ki-67 between two arms, in favour of the EXE-COXIB arm (Po0.004).
A total of 16 patients (7 in the EXE-COXIB arm and 9 in the EXE arm) had COX-2 staining detected in their DCIS assessed before therapy. The two groups of patients (EXE-COXIB vs EXE arm) were comparable in terms of basal COX-2 expression. There was a significant reduction in COX-2 expression in the EXE-COXIB arm (Po0.03) at definitive surgery compared with the initial biopsy, but no significant difference was observed between biopsies in the EXE arm. Expression for individual patients according to treatment received is shown in Supplementary Figure S2A and B. A CCR after treatment was significantly associated with reduction of COX-2 histoscore (CCR in 6 out of 9 cases with reduction of COX-2; P for trend ¼ 0.011; Supplementary Figure S2C) .
No relapses of DCIS or invasive breast cancer were detected, with a median follow-up of 8 years (range 8.6-7.6 years), in patients enrolled in the trial at the time of writing.
DISCUSSION
Studies show that local control with lumpectomy have an average ipsilateral breast recurrence rates of 43% (Leonard and Swain, 2004) , almost half of which is consistently in the form of invasive cancer (Mokbel and Cutuli, 2006; Wapnir et al, 2011) . Although further treatment by either whole-breast radiotherapy, completion mastectomy or tamoxifen reduces the risk of local DCIS recurrence or of invasive carcinoma (Fisher et al, 1999; Bijker et al, 2006) , blanket treatment of this heterogeneous disease with these more aggressive therapies is not an effective use of current resources and carries significant morbidity (Kane et al, 2010) . To date, both randomised trials and observational studies have either not tested predictive markers, have been underpowered or have not controlled for adverse prognostic features and therefore not identified populations in which treatment effect may be most beneficial. The absolute risk reduction in most of these studies is often low that provides little justification for incorporation into current treatment practises (Kane et al, 2010) . The meta-analysis conducted by the EBCTCG showed that radiotherapy reduced the absolute 10-year risk of any ipsilateral breast event by 15.2% independently of the clinical/surgical/ therapeutical characteristics, but without any significant impact on breast cancer mortality (Early Breast Cancer Trialists' Collaborative et al, 2010). Overall, the real benefit of radiotherapy on DCIS treatment is questionable with respect to its related cost benefit. Under this consideration, our study identifies a possible subgroup characterised by a particular phenotype with a high risk of relapse who could have benefitted more from radiotherapy compared with the low-risk group that do not express determined biological variable. A randomised trial based on the use of radiotherapy in high-risk DCIS (identified by biological variables such as COX-2) is warranted to elucidate a medical need.
Thus, there is a compelling and urgent need for increased understanding of relapse and the progression from DCIS to invasive cancer to avoid the current overtreatment that is established in current practice.
The purpose of this study was to identify a molecular profile able to predict tumour recurrence either as DCIS or invasive breast cancer. To achieve this, a robust statistical analysis approach was used that accounts for multiple covariates, and validates and tests the generality of the model in a recursive manner. From this analysis we identified COX-2 as the strongest prognostic factor for early relapse of DCIS and subsequently confirmed this using an independent cohort. The findings were validated within the separate cohorts using different statistical methodologies, further improving the robustness of the marker.
The overexpression of COX-2 has been demonstrated in both DCIS and invasive breast cancer (Spizzo et al, 2003; Boland et al, 2004) , and its expression is associated with a shorter disease-free survival of invasive breast carcinomas (Ristimaki et al, 2002) . Kerlikowske et al (2010) evaluated COX-2 expression in 279 cases of DCIS but found no direct association between COX-2 expression and recurrence. The scoring system used (Allred) is different to ours and a portion of their positive samples would be scored as low in our study. Both our training and validation cohorts also have significantly longer follow-up (median 126 and 164 months, respectively) and capture a considerable proportion of later recurrences (35.7%) that would not have been detected with the 8-year cutoff in their study. Kerlikowske et al (2010) did however show that a p16 þ COX-2 þ Ki67 þ DCIS phenotype was prognostic for recurrence and suggests that the biological correlation between COX-2 levels and proliferation may be significant as we have seen within our clinical study.
Biologically, Chang et al (2004) have shown that one of the normal functions of COX-2 is in the regulation of angiogenesis in normal mammary tissue. In tumours, the mechanisms underlying COX-2 are unknown but appears to be associated with increased epithelial proliferation, a low apoptotic rate, metastasis, immune suppression and evasion and tumour angiogenesis, as demonstrated by expression in tumour-associated blood vessels and correlating with tumour microvessels density (measured by CD31 expression; Davies et al, 2003) . The COX-2 expression has also been found to correlate with aromatase expression within human breast cancer tissue through increased prostaglandin E2 (PGE2) levels that stimulate aromatase transcription (Barnes et al, 2007) . In view of these data, COX-2 inhibitors have been used in combination therapy with hormonal agents, such as aromatase inhibitors, to decrease tumour recurrence.
The use of NSAIDs and potentially COX-2 inhibitors in breast cancer has clinical attraction considering their availability, inexpensiveness and generally good tolerance at lower doses with long-term use (Kearney et al, 2006) . A meta-analysis of 38 studies showed a risk reduction of breast cancer (RR 0.88) with NSAID use (Takkouche et al, 2008) . More specifically, efficacy of specific targeting of COX-2 in more advanced disease has been suggested by a randomised, phase II study in postmenopausal women (n ¼ 111) with advanced breast cancer treated where exemestane and celecoxib resulted in a longer time to breast cancer recurrence compared with exemestane alone, and additional side effects were not observed (Dirix et al, 2008) . This, however, was not confirmed by another independent study in the neoadjuvant setting that was unable to demonstrate any increase in response rates to the combination (Chow et al, 2008) . In the context of DCIS, Bundred et al (2010) were also unable to show an effect of a difference between exemestane±celecoxib on apoptosis or proliferation in a study of 40 randomised patients. However, treatment was for only 14 days, in contrast to our study that was for 12 weeks, and hence it is likely that in the prior study there was insufficient time to see the changes brought about by longer-term therapy. Nevertheless, our study has shown that exemestane alone and combined with celecoxib induced a profound reduction in tumour cell proliferation that was more marked in the presence of the COX-2 inhibitor. The concomitant administration of celecoxib to the aromatase inhibitor also reduced the COX-2 expression after treatment, suggesting that the presence of celecoxib not only 'hit the target' but that it may be responsible for the determined clinical and biological effect, and may also play a further role as a potential biomarker for treatment response. As COX-2 also regulates aromatase transcription, the longer 12-week regimen might be responsible for the observed biological effect. Although a clinical benefit was not necessarily seen in our study, this was also not a primary end point and our clinical cohort showed considerably better baseline outcome than reported in the literature and would benefit from validation in a larger randomised control trial.
In conclusion, our findings suggest that COX-2 may be a predictive marker of early relapse in with DCIS and may aid the clinical decision-making process for treatment of DCIS. Using two independent cohorts, we have shown that assessment of COX-2 expression in these tumours can be reliably performed using Change from baseline P-value o0.002 o0.02
Abbreviations: COXIB ¼ celecoxib; EXE ¼ exemestane. Values are given as the geometric means (95% confidence interval). The Ki-67 expression at post-therapy residual histology was significantly lower in both EXE-COXIB arm (Po0.002) and the EXE arm (Po0.02). The reduction in the combination arm was significantly greater than in single agent (Po0.004).
a Relative size of baseline to post-treatment percentages.
immunohistochemistry on paraffin-based tissues to identify tumour with high COX-2 expression. Furthermore, the use of COX-2 inhibitors in association with aromatase inhibitors in ER-positive DCIS appears to have biological effect with reduced epithelial proliferation and COX-2 expression as shown in our proof-of-concept clinical trial. Thus, we have both biomarker and targeted agent to assess in prospective studies for high-risk DCIS.
The data on COX-2 expression in invasive breast cancer correlated significantly with diminished overall survival in patients treated with mastectomy and radiotherapy supports the hypostasis that the COX-2 phenotype is related to a more aggressive tumour behaviour and radioresistance (O'Connor et al, 2004) . As the radioresistance is one of the major barriers to improve the free relapse and/or survival rate of breast cancer patients with regard to DCIS, and the COX-2 is usually overexpressed in breast cancer that may have a 'radioresistance phenotype' (Lin et al, 2013) , a clinical trial based on the combined used of COX-2 inhibitors and radiotherapy in COX-2 þ ve DCIS would be important and useful for its clinical relevance (Liu et al, 2003) . However, considering the side effects of the COX-2 inhibitors, it would be possible to consider the association of the COX-2 inhibitor for a short time only during the radiotherapy with a double effect: (1) favouring the radiosensibility of the breast cancer cells, and (2) increasing clinical benefit for the patients with less toxicity related to the short exposure to the COX-2 inhibitor.
